The Cauca River is the drinking water source for 1.3 million inhabitants of the city of Cali, Colombia.
information for operators and the community, so that informed decisions can be made (USEPA ). The analysis made by Grayman et al. () on data from 153 water supply systems from the USA, Canada and the UK shows that 90% of these utility companies consider EWS as an important tool. However, the survey also shows that less than 50% of the plants have any type of EWS in place. In terms of the warning time that operators have to respond to contamination events, only 16% reported that they always have sufficient time, 56% reported insufficient warning time in half of the critical events and 23% do not have a warning signal at all. This situation has been changing since 2001, especially in the USA where the threat of intentional contamination of water supply systems has forced authorities and utility companies to increase the water security by developing vulnerability assessments and emergency response plans (Roberson & Morley ) .
In recent years, significant attention has been given to Latest research has focussed on the detection of intentional contamination in the distribution systems rather than transient pollution in the water source. This is perhaps because distribution systems are considered more vulnerable than water sources (USEPA ). Authors of comprehensive reviews on EWS have concluded that more research is needed on strategies for design and implementation of EWS. For instance, research is needed on sensor selection and location, definition of triggers that may lead to a generation of warnings and how to translate data into information useful for decision makers (USEPA ; Quansah et al.
; UNEP ).
This paper contributes to the research in the area of designing EWS for water sources used for water supply systems. It is focussed on detecting transient pollution and generating information useful for the operation of water treatment plants (WTP) . A real case study is used to present methods and approaches to design an early warning system for the water quality of the Cauca River that is the main source of water for the city of Cali (Colombia). The design includes the evaluation of sensors and monitoring stations, data processing, modelling, and communication to support decision-making. Existing and customized hydroinformatics tools were used to process data and develop a web-based prototype named Centinela. This paper corresponds to an extended version of the paper presented at the 10th International Conference of Hydroinformatics (Vélez et al. ) .
EWS FOR WATER SOURCES
According to the Inter-Agency Secretariat of the International Strategy for Disaster Reduction (UN ), a complete and effective early warning system comprises four inter-related elements: risk knowledge, monitoring and warning service, dissemination and communication, and response capability. Even though these elements are associated with disaster reduction, we used them here to schematize the main components of an EWS for water sources of treatment plants.
Risk knowledge
Risks arise from the combination of hazards and vulnerabilities at a particular location. Assessments of risk requires systematic collection and analysis of data and should consider the dynamic nature of hazards and vulnerabilities that arise from processes such as urbanization, rural landuse change, environmental degradation and climate change (UN ). An interesting initiative is the US Source Water Protection Plans, which focused on diminishing pollution coming from agriculture on source water by implementing improved voluntary practices at a local level. In the case of WTP, the hazards on the catchment of In general, the monitoring and warning service should have the following functions (USEPA ): provide a rapid response; screen for a number of contaminants while maintaining sufficient sensitivity; operate as an automated system that allows remote monitoring and operation; reduce the number of incorrect warnings to the minimum (false-positives/false-negatives); operate continuously.
Dissemination and communication
This component requires the use of communication infrastructure to disseminate the information to the target groups (e.g. the utility's operational and managerial staff).
A careful selection of target groups and level of information transmitted must be carried out. Clear messages containing simple, useful information are critical to enable proper responses that will help decision making. The use of multiple communication channels is necessary to ensure that all the people who must be warned are reached, to avoid failure of any channel, and to reinforce the warning message (Grayman et al. ) .
Response capability
Decision makers must understand warning signals and know how to react to them and therefore education and preparedness programmes play a key role (UN ). Options for operating treatment plants during a critical pollution event can include closure of intakes, use of alternative intakes and modification of treatment processes. The presence of varying amounts of raw water storage, finished water storage, and alternative water sources influences the possible actions of the water utility during a contaminant event (Grayman et al. ) .
In general, an EWS for the water source should be conceived as an integral part of the water supply system. To become a widely used, effective, and reliable part of the system it should demonstrate the characteristics and components presented above. In the next section the design and prototype of a Water Quality Early Warning System (WQ-EWS) to anticipate the peaks of pollution of the Cauca River in Colombia is presented, following the components described above, but concentrating mainly on the monitoring and warning service element.
DESCRIPTION AND METHODOLOGY FOR THE CASE STUDY OF CALI
Cali is the third biggest city in Colombia, with a population of 2,075,380 inhabitants in 2005 (DANE ). The main source of water for the city is the Cauca River, which supplies 77% of the demand of the distribution system. The Cauca River is the second largest river in Colombia and is used for different purposes: as a source for drinking water, as a waterway for transportation of goods, for recreation, irrigation, a water source for industry, generation of electricity, extraction of sand and gravel and as a final receiving system of both treated and untreated wastewater. On average, the shutdowns of the PMTP last for 2 hr. However, despite these measurements the data collected by the monitoring system missed the analysis required to provide information to take decisions at the operational level. For these reasons, EMCALI needed a decision support system (DSS) to process the data and generate another level of information at the right time for Using the methodology proposed by Constain et al.
(), we estimate the mixing length of a discharge from the SC as approximately 1 km. Therefore Milan, which is located about 2.5 km from the mouth of the SC, properly represented the conditions of the water quality in the river at that point.
Objectives and specifications
The main objective is to use data for the Cauca River col- 
ANALYSIS AND DISCUSSION OF WQ-EWS COMPONENTS Characterization of pollution events
The critical pollution events of the Cauca River are associated with high organic matter and/or suspended solids. As mentioned above, DO and turbidity have been used as surrogate variables to characterize those two types of pollution events. Conventional sensors for DO and turbidity are relatively inexpensive, widely available and easily used.
Therefore, there was no doubt whether they should be used to identify the presence of contaminants in the river. 
Data acquisition and validation
One of the challenges of a continuous, real-time monitoring system is management of the large amounts of data that are generated. Use of data acquisition software and a central data management centre is critical (USEPA ). EMCALI has a data acquisition system in place that includes remote sensors and data loggers for on-line monitoring at Milan and PMTP, telemetry to transfer the data to the central information system and an Oracle database in which to store the data. Routines for data validation are part of the data acquisition system.
When data acquisition systems are in place, the EWS may take advantage of exiting routines for data validation.
Data processing includes data analysis and trending in order to assess whether an alarm level has been exceeded or whether it is faulty data. The EWS designed for the Cauca River, which uses the existing EMCALI database as the source for the input data, incorporates such procedures and some of them are described in this manuscript. This input is validated to filter out outliers and to check for missing data. Outliers are detected by comparing the input data with the physical limits of the measured water quality variables and with the detection range of the sensor used, among other statistical techniques, while missing values are estimated by linear interpolation using the past n records 
Definition of warning levels
A warning level, N(t), is defined as the degree of significance of a pollution event at a particular time t, and it is represented by a value that ranges from 1 (critical event) to 8 (normal conditions). The warning level is assigned by the combination of the parameters C ave and S ave and F that are checked with a series of nested conditionals, and for the case of DO is presented in Figure 6 . It must be noted that the warning levels might not change consecutively. For instance, N can be five at t ¼ t 0 (S ave is critical but C ave is not) to N ¼ 1 at t ¼ t 0 þ Δt (both S ave and C ave are critical).
The point here is that a level 5 warning does not mean 'no threat' but it means 'check C ave closely'. In addition, warn- the thresholds for DO, C ave and S ave are too high), then warnings will frequently pop up even when there is no real event; that is named a false alarm or false positive.
In both cases the credibility of the EWS will be negatively affected.
In order to tune the thresholds of the model tree, the historical data of DO and turbidity were used. A sensitivity analysis of the effect of the parameters C ave and S ave on the number of false and missed alarms was carried out considering the combination of warning levels 1, 2, 3 and 4, although only the analysis for levels 1 and 2 (the ones that imply imminent intake closure) are shown. 
Lead time definition
For an early warning system to be effective, the lead time will need to be sufficient for appropriate action to take 
Prediction of pollution travel time
The travel time is the time that a pollutant particle takes from the monitoring point at Milan up to the PMTP intake. This information is used in the EWS to inform the operator of the estimated arrival time of the pollution.
The transport of a substance in a river is determined by advection and dispersion processes. To estimate the effects of these processes we used a calibrated model of the Cauca River developed in Mike 11 software (Holguin et al.
). The model was used to simulate tracer experiments.
In the upstream boundary, a digital particle with a certain mass was released as a point source and the model calcu- The model developed is a decision tree that considers the concentration of oxygen at the monitoring station upstream (Milan), the hydraulic conditions (e.g., water
level, discharge) of the river and the travel time to estimate the expected concentration of oxygen at the intake of the PMTP, using 70% of the events as a training set. Figure 10 shows the resulting model tree to forecast the value of DO and Figure 11 shows the validation results of the model tree for two particular pollution events with different travel times.
Communication of warnings
A crucial component of an EWS is the generation and delivery of warning messages to the PMTP staff. The dissemination of the warnings is based on visual signals on the user interface of the web-based application and via text messages (SMS). The message includes the current warning level, the concentration values at the monitoring point, the value of the parameters (C ave and S ave ) and the estimated time at which the pollution is expected at the intake. The purpose of the message is to inform the operator about the state of the system and this is done through SMS in order to guarantee that the operator is always informed. The rules for sending these messages are described in Figure 12 and, in principle, it considers sending alerts when the warning levels are between 1 and 4. It also classifies the type of messages according to the recipient. In this way, only warning levels 1 and 2 (imminent intake closure) are sent to the PMTP Director, in charge of making the decision whether to close it or not, while warning levels from 1 to 4 are sent to the PMTP Operator to warn him/her to be on alert.
Although in principle warning levels from 1 to 7 have an associated alert component, it is not convenient to send The technology used by Centinela to send warning messages utilizes a Clickatell Mobile Gateway, which allows SMS to be sent via the internet. In brief, when a warning is generated Centinela prepares and sends the message via the internet to that gateway, which transfers it to the predefined mobile ID through the local mobile network.
SUMMARY OF CENTINELA'S CONCEPTUAL FRAMEWORK
The conceptual framework of the application is presented as a flowchart in Figure 13 . The process includes tasks that are repeated in a loop with a frequency determined by the sampling time step Δt of the data from the database. The input data are the water quality variables at Milan and PMTP (q A and q B, respectively) and the water levels (h) in Five main tasks are identified according to the described methodology. The first task is the validation of input data measured in the monitoring stations. The second task estimates the warning level at time, t, using the water quality variables as input. The third task consists of a prediction of travel time (arrival of pollution at the intake). The fourth task corresponds to the forecast of the DO concentrations at the intake based on Milan's DO data and the flow conditions in the river. The fifth task comprises the generation and delivery of warning messages via SMS to the treatment facility operator. In addition, the framework includes procedures to store the messages generated when an early warning is issued, which can be used to evaluate the EWS performance.
This conceptual framework was applied in a web-based application with a user-interface that allows interaction with operators of the treatment plant. Multiple clients can connect simultaneously to the Centinela application. The users can manually input data and get the data and information from stored data for post-processing.
CONCLUSIONS
This paper describes the conceptual development of the components required for an EWS for source waters used for the water supply of the city of Cali. This includes several EWS should be viewed as an integral part of the operation of a water supply system. The design described in this paper covers all the components; however, further developments should include operational responses in the treatment processes and the storage.
